We investigate the flavor-changing interactions in an extension of the standard model with singlet quarks and singlet Higgs, which are induced by the mixing between the ordinary quarks and the singlet quarks (q-Q mixing). We consider the 
It is now expected seriously that the new physics will reveal itself in the LHC experiments.
Among many intriguing extensions of the standard model, we here investigate the new physics provided by isosinglet quarks, which are suggested in certain models such as E 6 -type unification [1] . Specifically, there are two types of singlet quarks, U with electric charge Q em = 2/3 and D with Q em = −1/3, which may mix with the ordinary quarks. It is also reasonable to incorporate a singlet Higgs field S, which provides the singlet quark masses and the q-Q mixing between the ordinary quarks (q = u, d) and the singlet quarks (Q = U, D). In this sort of model various novel features arise through the q-Q mixing [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26] . The unitarity of Cabibbo-Kobayashi-Maskawa (CKM) matrix within the ordinary quark sector is violated, and the flavor-changing neutral currents (FCNC's) appear at the tree-level.
These flavor-changing interactions are described appropriately in terms of the q-Q mixing parameters and quark masses [2, 3, 7, 18, 20] . Then, the actual CKM mixing is reproduced up to the small unitarity violation provided the FCNC's are suppressed sufficiently with the small q-Q mixing. In this respect the presence of singlet quarks may introduce an interesting extension of the notion of natural flavor conservation [27, 28] . Furthermore, the new CPviolating phases in q-Q mixing may provide significant contributions especially in the B meson physics [2, 3, 8, 9, 10, 12, 14, 15, 19, 22, 23, 24, 25, 26] .
It is also expected in cosmology that the singlet quarks and singlet Higgs field may play important roles in the early universe. Specifically, in the first-order electroweak phase transition the CP -violating q-Q mixing via the coupling with the complex singlet Higgs S can be efficient to produce the chiral charge fluxes through the bubble wall for the baryogenesis [29, 30] . Furthermore, the presence of singlet Higgs field is preferable for realizing the strong enough first-order electroweak phase transition.
As mentioned in the above, the singlet quarks and singlet Higgs bring various intriguing features in particle physics and cosmology. It is hence worth considering their phenomenological implications toward the discovery of them at the LHC [31, 32, 33, 34, 35, 36] . In this study we investigate the flavor-changing interactions in the presence of singlet quarks and singlet Higgs. The effects of the gauge interactions have been investigated extensively in the literature [2, 3, 4, 5, 6, 7, 10, 11, 12, 13, 14, 15, 16, 17, 22, 23, 24, 25, 26] . Here, we rather note that the scalar interactions mediated by the singlet Higgs may provide significant effects in some cases [8, 9, 16, 19, 20] , which has not been considered thoroughly so far in the models with singlet quarks.
The rest of this paper is organized as follows. In Sec. II we describe a representative model with singlet quarks and one complex singlet Higgs field, and review the essential features on the quark mixings and flavor-changing interactions. In Sec. III we consider the effects of the flavor-changing interactions in the ∆F = 2 mixings of K 0 , B d , B s and D 0 mesons to show the currently allowed range of the q-Q mixing. In Sec. IV we investigate the decays of the singlet quarks and Higgs particles, which may provide distinct signatures upon their productions at the LHC. Sec. V is devoted to summary. In the Appendix A a detailed derivation is presented for the suitable relations among the gauge and scalar couplings.
II. QUARK MIXINGS AND FLAVOR-CHANGING INTERACTIONS
We first review the the essential features on the quark mixings and flavor-changing interactions including the singlet quarks and singlet Higgs, which are described appropriately in terms of the q-Q mixing parameters and quark masses (see Ref. [20] for the detailed description). We consider a representative electroweak model based on the gauge symmetry 
in terms of the two-component Weyl fields for the electroweak eigenstates with subscript "0". (The generation indices and Lorentz factors are omitted here for simplicity.) The isodoublets of left-handed ordinary quarks are represented by
with a certain 3 × 3 unitary matrix V 0 . The Higgs doublet is also given by
withΦ H ≡ iτ 2 Φ * H . The Higgs fields develop vacuum expectation values (VEV's),
where v = ( √ 2G F ) −1/2 = 246GeV, and v S ∼ 100GeV − 1TeV is assumed. The possible complex phase δ S of S is not presented explicitly for simplicity of notation, which may be effectively included in the Yukawa couplings and the Higgs potential terms at the tree level.
A. Quark masses and mixings
The quark mass matrix is produced as
The submatrices are given by
where
Henceforth Q = (q, Q) collectively, and N Q denotes the number of singlet quarks. The quark
The quark mass eigenstates q i (i = 1, 2, 3) and Q a (a = 1, 2, . . . , N Q ) are given by
with the (3 + N Q ) × (3 + N Q ) unitary matrices as
where ǫ qχ and ǫ ′ qχ represent the q-Q mixing. The quark mass matrix M Q may be reduced to a specific form with either ∆ ′ qQ = 0 or ∆ qQ = 0 by a unitary transformation of the right-handed quarks. Then, the Yukawa coupling λ q is diagonalized by unitary transformations of the ordinary quarks as
while the condition ∆ ′ qQ = 0 or ∆ qQ = 0 is maintained. These transformations to specify the form of M Q do not mix the electroweak doublets with the singlets, respecting the
Hence, without loss of generality we may start with either of these bases, The q-Q mixings are given specifically in the basis (a) as
in terms of the q-Q mixing parameters from the f + Q coupling,
, and the bar denotes the mean value. The lefthanded q-Q mixing is suppressed significantly by the q/Q mass ratios m q i /m Q [2, 3, 7, 18, 20] .
On the other hand, in the basis (b)
in terms of the q-Q mixing parameters from the h q coupling,
The left-handed q-Q mixing is no longer suppressed by the q/Q mass ratios.
We may move from the basis (a) with ∆ 
with c i ∼ 1 depending on the small q-Q mixing [2, 3, 7, 18, 20] . In the general basis with ∆ qQ = 0 and ∆ ′ qQ = 0, e.g., the see-saw model, the ordinary quark mass hierarchy is not described clearly in terms of the Yukawa couplings λ q i .
B. Flavor-changing interactions
The CKM matrix V for the W -boson coupling with the ordinary quarks is given by
where V u L and V d L are the 3 × 3 submatrices in Eq. (12) . The unitarity violation of V is induced at the second order of q-Q mixing with
, which should be suppressed enough phenomenologically [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26] . Then, the realistic CKM matrix V is reproduced by taking suitably the original V 0 .
The modification of the left-handed Z-boson coupling with the ordinary quarks is also given at the second order of q-Q mixing [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26] as
where the Z-boson coupling is presented by removing the isospin factor I 3 (q 0 ) with I 3 (u 0 
This correction as well as the CKM unitarity violation are suppressed substantially by the second order of q/Q mass ratios. Alternatively, in the basis (b) we have
which is no longer suppressed by the q/Q mass ratios. Then, significant constraints are placed phenomenologically on the q-Q mixings ǫ h i ≪ 1, which have been investigated extensively in the literature [10, 11, 12, 13, 14, 15, 16, 17, 22, 23] .
The neutral scalar couplings of the quarks Q = U, D are extracted from Eq. (1) as
The real neutral scalar fields, φ
, mix generally to form the mass eigenstates φ r (r = 1, 2, 3)
The Nambu-Goldstone mode G ≡ √ 2Im(H 0 − H 0 ) is absorbed by the Z boson.
The submatrices Λ given by
h i ǫ h j in Eq. (30) . Here, similar to Eq. (16), the q-Q mixing parameters are introduced for convenience as ǫ
. It should also be noted, as discussed previously, that by considering the relation for the left-handed q-Q mixing,
Eqs. (24) and (34) in the basis (b) reproduce Eqs. (23) and (33) in the basis (a), respectively.
We mention for completeness that in the case of one real S (or one supersymmetric S)
with the f Q and λ Q couplings (f
On the other hand, if the bare mass term M Q is adopted instead of the λ Q coupling while the f Q coupling provides the q-Q mixing, the scalar coupling Λ S Q [q c q] is rather given by Eqs. (33) and (34) for Λ
even in the case of one real S.
III. SINGLET QUARK EFFECTS IN ∆F = 2 MIXINGS OF NEUTRAL MESONS
We perform a detailed analysis on the q-Q mixing effects in the ∆F = 
in the basis (b), these analyses have discussed the possibility of new physics provided by the singlet quarks, in particular, for the B meson physics. Here, we rather note that in some cases
providing distinct signals for new physics [8, 9, 16, 19, 20] . This intriguing possibility has not been paid so much attention so far in the models with singlet quarks.
The effective Hamiltonian contributing to the ∆F = 2 mixing of the neutral meson M
is given generally [38] as
The four-quark operators are
and α and β denote the colors. The operatorsÕ
by the exchange L ↔ R. The coefficients in the effective Hamiltonian at the scale µ = m Q of singlet quarks are calculated as
and the others are zero. Here, the Z-boson coupling ∆Z Q [q † q] and the dominant scalar
are considered, and the scalar mixing in O φ is neglected for simplicity.
By requiring that these coefficients in Eqs. (38) - (41) are all within the bounds presented specifically in Table 4 of Ref. [38] , we find the allowed range of the q-Q mixing depending on the masses m Q , m S − ∼ v S of the singlet quarks Q and singlet Higgs S − .
The constraints on the q-Q mixing are given roughly below, where
and m S − = 0.6v S = 300GeV are taken typically to estimate the FCNC's with Eqs. (23), (24), (33) and (34) 
Here, the effective CP -violating phases in the FCNC's contributing to the K 0 -K 0 mixing are denoted collectively by δ 12 . No significant constraints are, on the other hand, placed (ǫ
Here, the constraints for the basis (a) in Eq. (42) 
In supplement to the above constraints on the q-Q mixing parameters from the FCNC's, it is also relevant to consider the constraints from the flavor-diagonal Z-boson couplings [7, 11, 14] . The observed branching ratios of the decays Z → q iqi imply that the deviations of the flavor-diagonal Z-boson couplings from the standard model values should be small enough. Specifically, in the basis (b) with Eq. (24) constraints on the q-Q mixing may be placed roughly as
On the other hand, in the basis (a)
To be more quantitative, we present the results of detailed numerical calculations for the 
Here, the VEV v S of the singlet Higgs S is fixed to a typical value for definiteness. The complex phases of the Yukawa couplings (5) is given for a set of values of the model parameters. This preliminary
is diagonalized to evaluate the eigenvalues m 
The singlet quark mass m D is obtained for the above range of the model parameters as
At the same time, the unitary transformations V D L and V D R to specify the quark mass eigenstates are calculated. The actual CKM matrix V is reproduced by adjusting the original
As long as the q-Q mixing is small enough to satisfy the constraints from the ∆F = 2 meson mixings, the unitarity violation of the CKM matrix is safely suppressed.
By using these results on the quark masses and q-Q mixings, we evaluate the couplings presented in Table 4 of Ref. [38] [38] are denoted by
In Fig. 1 Eq. (39) as |C
In the log-log plot of Fig as |C
In the log-log plot of Fig. 3 ,
shows clearly the linear correlation with (ǫ
for the left-handed q-Q mixing]. This is also the case in Fig. 4 for r 1 (B This topic is, however, beyond the scope of the present work, and will be studied elsewhere.
IV. DECAYS OF SINGLET QUARKS AND HIGGS PARTICLES
We now investigate the decays of the singlet quarks and Higgs particles, which will provide distinct signatures upon their productions at the LHC. The flavor-changing interactions between the singlet quarks Q and the ordinary quarks q are relevant for these decays at the tree level. Specifically, the left-handed Z-boson couplings are given as
while the right-handed ones are absent. Note here that 
while the right-handed ones are absent. The neutral scalar couplings are given as
Here, Λ 
A. Singlet quark decays
We first investigate the singlet quark decays. We describe the essential features by consid- The partial widths of the relevant decay modes are calculated (when they are kinemati-cally allowed) as
where 
The partial width of the D quark decays producing the Z boson is inclusively estimated for the reference as
1/2 in the basis (b), and ǫ (54) and (55) with |Λ
2 ≪ 1, we find the well-known relations [31] 
or inclusively
where O φ = 1. The actual values of these widths are evaluated depending on the kinematic factors and the CKM mixing.
In the present model with the complex singlet Higgs, the decays of the singlet quark D producing the singlet Higgs scalars S ± are possible for
it is remarkable that the decays with S − may dominate over the other decay modes. By 
Then, instead of Eq. (70) we obtain We suitably denote the ratios of the relevant widths to the reference width as is due to the significant contribution of the q-Q mixing term
The lower boundary curve for R D (W/Z) reflects the kinematic factor of the dominant top
In this case the singlet D quark mixes mainly with the b quark as
On the other hand, in the case that the top contribution is negligible with implies |ǫ h | 0.001 (see Fig. 6 ), the effects of the Z-mediated FCNC's are negligible in the ∆F = 2 meson mixings.
B. Higgs particle decays
We next survey the decays of the Higgs particles H, S + and S − , or more precisely the mass eigenstates φ 1 , φ 2 , φ 3 with the mixing matrix O φ .
The standard Higgs H is probably lighter than the singlet quarks Q (m Q > m H ≈ 120GeV) so that its decays involving the singlet quarks are forbidden kinematically. It should also be noted that the q-Q mixing effect on the H coupling with the ordinary quarks appears merely at the second order related to the modification of the Z-boson coupling, as seen in Eq. (31) . Hence, the Higgs particle H will decay essentially in the same way as the standard model unless the H-S − mixing is so large as to provide significant effects.
The singlet Higgs particles S ± will be produced significantly by gluon fusion via a loop of singlet quark Q coupled to S ± with the strength ∼ |λ
The production rates of S ± will be comparable to that of the standard Higgs H unless S ± are substantially heavier than H. If m S ± < m Q , the singlet quark decays Q → q i S ± also produce S ± , as discussed so far. It should be remarked that some indirect indication for the presence of S − may be obtained via the H-S − mixing, specifically in the case of Γ Q (H) ≫ Γ Q (Z) for the singlet quark decays Q → qH.
In the case of m S ± < m Q , the singlet Higgs particles S ± decay predominantly into the ordinary quarks through the scalar interactions in Eqs. (32) , (33) and (34) at the second order of the q-Q mixing:
The decay widths are estimated particularly for S − in comparison with that of the standard Higgs H as Higgs models at the LHC.) Therefore, the observations of the Higgs particle decays present important information on the Higgs mixing and q-Q mixing.
In the case of m S ± > m Q , the singlet quark decays Q → qS ± are forbidden kinematically.
Even in such a case the singlet Higgs S ± will be produced significantly by the gluon fusion via the singlet quark loop. Then, they decay predominantly involving the singlet quarks as
The decay widths are estimated in terms of the scalar couplings Λ S ± Q in Eq. (27) . In particular, if m S ± > 2m Q we have
with Br(S ± → QQ) ≈ 1 for m S ± 500GeV and |λ
V. SUMMARY
The singlet quarks in cooperation with the single Higgs field may provide various interesting effects in particle physics and cosmology through the mixing with the ordinary quarks (q-Q mixing). It is hence worth considering their phenomenological implications toward the discovery of them at the LHC. In this study we have investigated the flavor-changing interactions in the model with singlet quarks and singlet Higgs, which are induced by the q-Q mixing. While the gauge interactions have been investigated extensively in the literature, we have rather noted here that the scalar interactions mediated by the singlet Higg may provide significant effects in some cases. This possibility has not been paid so much attention before in the models with singlet quarks. We have considered the effects of the gauge and scalar interactions in the ∆F = 2 mixings of the neutral mesons to show the currently allowed range of the q-Q mixing. Then, we have investigated the decays of the singlet quarks and
Higgs particles as the new physics around the electroweak scale to the TeV scale, which is accessible to the LHC. Especially, the right-handed q-Q mixing may be tolerably large without contradicting the current bounds on the flavor-changing processes, since it is not involved directly in the electroweak gauge interactions. If this is the case, the scalar coupling by the singlet Higgs, and possibly through the Higgs mixing, provides distinct signatures for the decays of the singlet quarks and Higgs particles, which should be compared with the conventionally expected ones via the gauge and standard Higgs couplings. We expect that observations of the singlet quarks and Higgs particles will present us important insights on the q-Q mixing and Higgs mixing.
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APPENDIX A: RELATIONS AMONG THE GAUGE AND SCALAR COUPLINGS
We here derive the suitable relations among the gauge and scalar couplings.
The full mixing matrix for the left-handed W -boson coupling is given by
Then, we obtain from the off-diagonal blocks
where the approximate unitarity 
where a = sin 2 θ W Q em (Q)/I 3 (q 0 ), and the division by I 3 (q 0 ) = ±1/2 is for convenience of notation. It is transformed in the basis of mass eigenstates (q, Q) as
The modification of the Z-boson coupling due to the q-Q mixing is calculated from Eqs.
(A4) and (A5) as
Here, we have considered the relation 
We note the relation from Eq. (A6) as
By taking the difference between this relation and that for the unit matrix
we obtain another relation 
